We have simulated lattice QCD directly in the chiral limit of zero quark mass by adding an additional, irrelevant 4-fermion interaction to the standard action. Using lattices having temporal extent of six and spatial extents of twelve and eighteen, we find that the theory with 2 massless staggered quark flavors has a second order finite temperature phase transition. The critical indices ν, β mag ,and δ are measured and are close to the values expected on the basis of universality arguments based on dimensional reduction. The pion screening mass is consistent with zero below the transition, but is degenerate with the nonzero σ(f 0 ) mass above the transition, indicating the restoration of chiral symmetry.
There are several bottlenecks in the simulation studies of lattice field theories by standard algorithms [1] , [2] . One of the most harmful is that the chiral limit cannot be simulated directly because the standard algorithms fail to converge in the limit of vanishing bare fermion mass. Various chiral transitions, such as the finite temperature Quantum Chromodynamics (QCD) transition to be discussed here, have been difficult to study quantitatively because of this. In addition, QCD spectroscopy and matrix element calculations are done with relatively heavy quarks so their results are either not realistic or are subject to error-prone extrapolations to reach the physics of low mass pions.
These problems can be solved in large part by adding a four-fermi interaction to standard lattice actions with staggered fermions [3] . The resulting lattice action can be simulated directly in the chiral limit because an auxiliary scalar field σ (essentially the chiral condensate ψ ψ ) acts as a dynamical mass term for the quarks insuring that the inversion of the Dirac operator will be successful and very fast. In effect, this approach allows the dynamically generated 'constituent' quark mass to tune the algorithm that generated it and guide its convergence. This approach is far more efficient and physical than the traditional lattice algorithm in which the chiral limit is singular and a nonzero bare quark mass m is a necessity.
Using this strategy we have simulated lattice Quantum Chromodynamics (QCD) with two flavors of staggered quarks on 12 3 × 6 and 18 3 × 6 lattices, at zero quark mass, in order to determine the position and nature of the finite temperature transition. In addition to measuring the standard order parameters, we have measured the pion and σ(f 0 ) screening masses to probe the nature of chiral symmetry restoration at this transition. We find that the two flavor theory experiences a second order chiral symmetry restoring phase transition. We make independent determinations of the critical indices β mag , ν, and δ, and find results that are close to those of the O(4) (and O(2)) sigma model in three dimensions, providing support for the standard scenario of dimensional reduction and universality for this transition [4] .
In this letter we discuss the strong and weak points of the universality arguments for the finite temperature transition in QCD and review the 'standard' expectations. We review the lattice formulation of QCD with chiral four-fermion interactions, and present our data and fits. We end with discussions and conclusions, and directions for future research.
The scenario of dimensional reduction states that at high temperature T only the Fourier components of each bose field with vanishing Matsurbara frequency will contribute to the thermodynamics. Since fermi fields have no thermal zero modes, they decouple at high T. If the region in T where dimensional reduction applies includes a second order phase transition, then the Universal critical behavior of the transition should be governed by a local three dimensional bose system with the same global symmetries as the original four dimensional field theory. So, in QCD where chiral symmetry is described by an axial flavor rotation operating on the two light quark fields, the low energy content of the theory is given by an SU(2) matrix field which is parametrized by four bose fields, the three pions and their chiral partner, the sigma. So, the resulting effective field theory is an O(4) sigma model [4] . This theory has a second order phase transition with critical indices [5] , ν = .73(2), β mag = .38(1), δ = 4.82(5), etc.
There are several known ways in which this scenario can fail. First, dimensional reduction must occur in the vicinity of the phase transition. Since the correlation length diverges at the critical point, it is plausible that the boson fields do not vary appreciably over the temporal extent 1/T . In fact, dimensional reduction can be shown to occur in weak coupling field theories [6] . However, in QCD there are forces sufficiently strong to cause confinement and chiral symmetry breaking. In addition, the traditional universality argument assumes that the effective field theory is a local bosonic theory, even though the underlying dynamics at zero T can generate fermion zero modes, long range forces and correlations. One has to invoke confinement on the hadronic side of the transition and Debye screening on the plasma side of the transition to ignore these potential problems. Of course, if the fermions do not decouple at the critical point, then their fermi statistics alone will generate long range correlations that could violate naive universality arguments. In the case of the 3 − D Gross-Neveu model in the large N limit, dimensional reduction does not occur and the critical behavior of the model's finite temperature transition is described by mean field theory [7] . This violation of the standard picture occurs only in the large N limit.
At finite, but large N, the scaling window around the critical point has a width that scales to zero as 1/N. Inside this scaling window, which becomes infinitely narrow at large N, the standard scenario does, in fact, survive [8] .
These considerations suggest that the universality class of the two flavor finite temperature transition in QCD should be determined by direct methods.
There are several technical points that should be addressed. First is the lack of full flavor symmetry in the staggered fermion method on a finite lattice. Away from the continuum limit, the lattice theory has one instead of three massless pions, so the universality where U(1)×U (1) is generated by (τ 3 , γ 5 τ 3 ). The euclidean Lagrangian density for this theory is then
which becomes quadratic in the fermion fields when we introduce auxiliary fields σ and π,
where γ ≡ 3/λ 2 . The molecular dynamics Lagrangian for a particular staggered fermion lattice transcription of this theory has been laid out in reference [3] . There we reported simulation results on smaller lattices and discussed the choice of parameters as well as systematic errors. Here we shall discuss higher precision simulations on larger lattices, 18 3 × 6 and 12 3 × 6.
By doing simulations on two lattice sizes we were able to isolate finite volume effects in several observables and check that they had the behaviour expected of finite size scaling theory. We ran simulations at γ = 10 and 20 on a 12 3 × 6 and γ = 20 on an 18 3 × 6 lattice.
We carefully checked that our results do not depend on γ or on the lattice size. These technically important results will be discussed at greater length elsewhere [9] .
Since our lattice action does not single out a preferred chiral direction, we accumulate the magnitude of the order parameter, σ 2 + π 2 and ψ ψ 2 + ψ γ 5 τ 3 ψ 2 , rather than the order parameter itself, which averages to zero. These are not true order parameters since they do not vanish identically in the symmetric phase. However, for a large system of volume V , their values in the high temperature phase are of order 1/ √ V . In the low temperature phase the order parameter can be fit to a standard critical form, A(β c − β) βmag , if β is chosen within the model's scaling window near β c . Of course, we cannot simulate the model with β chosen too close to β c where the order parameter is very small, and finite size rounding in the effective order parameter √ σ 2 + π 2 is considerable. This forces us to work slightly away from the critical point and would produce indecisive results if the scaling window were particularly small. These potential problems bear close scrutiny.
The simulations of the lattice version of Equation 2 were performed using the hybrid molecular-dynamics algorithm with "noisy" fermions allowing us to tune N f to 2 flavours [3] . The simulations on an 18 3 × 6 lattice were performed at 14 β values from 5.39 to 5.45, the observed chiral transition occurring close to β = 5.423. This enabled us to fit order parameters in the scaling window on both sides of the transition. Runs at single β's varied in length from 5,000 to 50,000 molecular-dynamics time units close to the critical point (this computer "time" is the same as that used in related works by other groups, such as [10] ). We were forced to make such lengthy runs because of critical slowing down. Order parameters measured included the local chiral condensates ψ ψ and ψ γ 5 τ 3 ψ , their counterparts in terms of the auxiliary fields viz σ and π , the thermal Wilson line, the plaquette, and operators contributing to the partial entropies of each field. These were measured every 2 time units and binned to minimize the effect of correlations on error estimates. The molecular dynamics "time" increment for updating was dt = 0.05 [3] . This was large enough that the order parameters σ and π have sizable O(dt 2 ) errors. However, since these errors can be absorbed in a redefinition of the couplings in the action, they should not affect universality.
The data for the magnitude of the order parameter ψ ψ 2 + ψ γ 5 τ 3 ψ 2 is plotted against β in Figure 1 in distinguishing the parabolic massless propagator from the cosh when small masses keep the arguement of the cosh small. To make this distinction will require lattices of larger spatial extent and/or higher statistics. Until then we appeal to Goldstone's theorem for the knowledge that the pion is exactly massless in the chirally broken phase in this formulation of lattice gauge theory even on a discrete lattice [3] . The fit for the screening mass in the plasma phase is also shown. The fit used the data points at β = 5.4225 through β = 5.45
and used the form a(β − β c ) ν . It predicted a correlation length exponent of ν = 0.59(7), an amplitude a = 2.66(71) and a critical coupling β c = 5.4196 (7) . As is clear from the figure, the data here suffers from errors, both statistical and systematic, that are larger than in our other analyses. The prediction ν = 0.59 (7) The results of this study, especially β mag , favor the dimensional reduction and naive universality scenario. Further simulations on larger lattices will be needed to control finite size effects and produce measurements of the critical indices free of hidden systematic effects. In particular, the strong coupling and narrowness of the scaling window which are presumably responsible for β mag being systematically lower than expected imply that simulations on N t = 8 lattices would provide definitive results. This is in agreement with the observations of those who have attempted to measure this index by extrapolations from finite mass simulations (See [11] for a review).
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